The production of a tone in a tonal language is typically influenced by adjacent tonal targets. Within the literature, all such influences on F0 are considered part of tonal coarticulation. Yet, conflating all these effects under "coarticulation" results in an assortment of different processes within a tone language which lack a common motivating principle. In this talk, we present tone production data from Itunyoso Trique (OtoManguean). The data consists of 5 repetitions of 24 sentences spoken at two speech rates (fast/normal) by 8 native speakers. The medial target word was one of four tones (/45/,/4/,/32/,/2/), while the adjacent words were one of six tones (/45/,/43/,/32/,/3/,/2/,/1/). F0 data was extracted and time-normalized. Two patterns were observed. First, adjacent tones influenced F0 at the onset and offset of target tones. Second, global changes in F0 contour occurred for certain tones. All such effects were stronger during fast speech rate. We argue that these effects, often grouped together as coarticulation, have distinct explanations within an Articulatory Phonology framework. Transitional alignment differences at tonal onsets and offsets are modelled by including a default tone attractor in transitions, whereas global changes in F0 contour are modelled by modulating gestural target parameters.
Introduction
The production of speech involves the careful coordination and timing of different articulators. In recent years, great progress has been made in our general understanding of articulatory coordination and control. Much of this progress is attributable to the development of Articulatory Phonology, a general framework for understanding both phonology and speech production processes, and the development of more advanced tools (EMMA, ultrasound, EPG, MRI, etc.) for use in articulatory research Goldstein, 1986, 1990; Byrd, 1996; Byrd and Saltzman, 2003) . However, the research on speech articulation has focused almost exclusively on the major speech articulators in the oral cavity, such as the tongue and lips. We still understand little of how laryngeal gestures and F 0 targets fit within a general theory of speech production. These gestures are not only important to understanding higher level processes in speech production, such as prosodic phrasing and intonation, but they are crucially important for understanding lexical tone and phonation contrasts. As approximately 50-60% of the languages of the world have lexical tone or phonation contrasts (Yip, 2002) , any general model of speech production should include gestures for tonal contrasts.
The focus of the current work is to explore how Itunyoso Trique tones produced in natural contexts can be parameterized within the task dynamics and application model (TADA) (Nam et al., 2004) . Itunyoso Trique is a tone language spoken in Oaxaca, Mexico and has been the focus of both descriptive and experimental work on tone (DiCanio, 2008 (DiCanio, , 2010 (DiCanio, , 2012a . Trique data elicited to examine the influence of tonal context and speech rate on tonal coarticulation was used to construct the parameters for Trique tonal gestures. The approach used for parameterization followed similar methods used for Mandarin Chinese tones (Gao, 2008 (Gao, , 2009 ) and Catalan & Viennese German pitch accents (Mücke et al., 2009 (Mücke et al., , 2012 . Here, we attempt to account for two patterns in the Trique data: the earlier timing of the onset of tone gestures as a function of adjacent tone height and a tonal range expansion which asymmetrically influences high tones during fast speech rate. For the first pattern, three distinct hypotheses for tone gestural timing are explored: the hypothesis that alignment differences vary as a function of tonal context, the hypothesis that alignment is held constant but that there are distinct blending parameters which vary with tone height, and the hypothesis that there is an inactive tonal gesture between tones aligned on vowels. We conclude that the presence of an inactive tonal gesture between tones offers the best fit to the Trique data, where contrast maintenance plays an important role in tone production. Dissimilatory range expansion is modeled by changes to gestural targets as speech rate increases.
Background Itunyoso Trique Tone
Itunyoso Trique is an Oto-Manguean languages spoken in Oaxaca, Mexico. Like many Oto-Manguean languages, it is heavily tonal. There are nine lexical tone contrasts in the language (DiCanio, 2008 (DiCanio, , 2010 . This includes four level tones: /1/, /2/, /3/, /4/, where /4/ indicates the highest level tone, and five contour tones: /43/, /32/, /31/, /13/, /45/. Each tone may occur in monosyllabic or polysyllabic words, but there are distributional restrictions as to what type of syllable each tone may occur in. While non-final syllables in Trique words are always open, final syllables (of which monosyllabic words are one type) may be either open or closed with a laryngeal coda /P, H/. No contour tone surfaces preceding a glottal stop coda; only level tones may precede a glottal stop. Rising tones /13/ and /45/ each only surface on syllables with a breathy coda, /H/. Tone /31/ never surfaces on syllables with a breathy coda; it only surfaces on open syllables. The breathy coda has the phonetic effect of lowering F 0 on the latter half of the rime, while the glottal stop /P/ lowers F 0 only slightly or inconsistently on the preceding vowel (DiCanio, 2012a) . Table 1 shows the lexical tone contrasts on monosyllabic words in Trique. 
Tonal Coarticulation
Studies on tone-tone coarticulation focus on three major patterns: the magnitude of contextual effects on tone production (in F 0 and in time), whether these effects are assimilatory or dissimilatory, and the directionality of the effects on the adjacent syllable (anticipatory/perseveratory). The magnitude of coarticulatory effects varies across languages. In Mandarin Chinese, tonal contexts which involve mismatches between offset-onset targets, e.g. high F 0 offset + low F 0 onset, may substantially perturb the F 0 contours on adjacent tones (Xu, 1994) . This perturbation is so great in Mandarin that listeners perform very poorly identifying the tone of excised coarticulated F 0 contours (ibid). In contexts such as these, coarticulation is nearly neutralizing in Mandarin. By contrast, tones undergo some contextual variation as a function of the adjacent tones in Malaysian Hokkein, Thai, Vietnamese, and Taiwanese, but the contrasts between tones are maintained (Chang and Hsieh, 2012; Gandour et al., 1994; Brunelle, 2009; Peng, 1997) .
Though the magnitude of the coarticulatory effects seems to vary, research on these languages has concluded that tonal coarticulation is primarily assimilatory in nature. In the production of speech, adjacent tonal targets become more similar to one another. However, there is one exception to this trend: in many languages, high tones dissimilate when they precede a low tone target. Anticipatory dissimilation of this sort occurs in Malaysian Hokkien (Chang and Hsieh, 2012) , Taiwanese (Peng, 1997) , and Mandarin Chinese (Xu, 1997) . This pattern is striking because tonal coarticulation is mainly perseveratory. Anticipatory patterns tend to be shorter in duration and smaller in magnitude. Most languages are argued to show little anticipatory coarticulation. Tianjin Chinese seems to be the only language investigated in the literature showing slightly greater anticipatory than perseveratory tonal coarticulation (Zhang and Liu, 2011) . Though, tonal coarticulation has been investigated in relatively few languages to date.
Two studies have specifically investigated the role of speech rate on tone production. Findings in each of these studies show that contour tones undergo substantial levelling (flattening) as speech rate increases (Xu, 1994; Gandour et al., 1999) . As contour tones are dynamic, one predicts that they will undergo greater coarticulatory perturbation than level tones due to greater temporal demands at faster speech rates. Within the more general literature on pitch production, researchers have shown that increased speech rate also causes tonal target undershoot (Xu and Sun, 2002) . However, there is an ongoing debate in the literature as to whether pitch accents (and tones) show consistent alignment across speech rates. In languages like English and Mandarin Chinese, there is evidence for consistent alignment (Ladd et al., 1999; Xu, 1998) . In Peninsular Spanish, pitch accent alignment varies more substantially with rate (Prieto and Torreira, 2007 
Tone Production Modeling
There have been attempts to model tone and pitch accent in the Articulatory Phonology framework (Gao, 2008; Mücke et al., 2009) . In both Gao and Mücke et al., a tone is treated as a gesture, which is defined as an action unit and parameterized with the activation interval, target, stiffness and damping (Saltzman and Munhall, 1989; Browman and Goldstein, 1990) . In both these studies, researchers employed the intergestural planning model to model the observed relative timing of tone gestures with respect to oral gestures (Goldstein et al., 2006; Nam and Saltzman, 2003) . In this model, a gesture is modeled as a planning oscillator, gestures are coupled with one another to build up an oscillatory network, called a coupling graph, and the intergestural timing is a steady-state output of the coupling network. Gao showed that lexical tonal patterns in Mandarin can be modeled by coupling tone gestures to oral gestures. Likewise, Mücke et al. showed that differences between LH pitch accents in Catalan and Viennese German can be captured by asymmetrical coupling graphs as a postlexical process. Note that the current study does not attempt to propose a coupling graph underlying in the tonal patterns in Trique, but rather to describe its gestural representation.
Data: Tonal Coarticulation Patterns in Trique Methodology
The data used for tone production modeling consists of a subset of a larger dataset investigating the influence of tonal context and speech rate on tonal coarticulation in Itunyoso Trique. In this larger study, the data consisted of a series of 24 natural three-word sentences produced by eight native Trique speakers, repeated five times each at two different speech rates (normal and fast). In these 24 sentences, the initial and final words were disyllabic and matched for one of six tonal melodies: /1.1/, /2.2/, /3.3/, /3.32/, /4.43/, /3.5/. The medial word consisted of a monosyllabic word with one of four tones: /2/, /4/, /43/, /45/. For instance, in the the sentence /ri 3 jũ 32 sĩh 45 re 3 to 32 /, 'The man measures the blanket.', the initial and final words have tonal melody /3.32/ while the medial word has tone /45/. The syntactic structure of all sentences was Verb+Subject+Modifier.
Acoustic data was recorded using an H4N-Zoom digital recorder and a Nady HM-10 head-mounted microphone. Elicitation was carried out in Trique by the first author and a native consultant. All speakers were familiarized with the sentences prior to recording. Recording took place in a quiet room in the town of San Martín Itunyoso in Oaxaca, Mexico. Eight speakers were recruited for the study (4 male, 4 female). Speakers were compensated for their participation.
Tonal coarticulation can be investigated in the data both at the transition between the initial and medial word and at the transition between the medial and final word. As there is a large number of different tonal contexts, only two specific contexts were examined in this paper at these two transitions. The first context was the transition between the final syllable on the initial word and the medial word carrying tone /4/. The second context was the transition between the medial word and the initial syllable of the final word carrying tone /4/. In the first context, there are 6 possible preceding tones. In the second context, there are 4 possible preceding tones.
All data was hand-labelled using Praat (Boersma and Weenink, 2009 ). F 0 data across each segment duration was extracted using the sub-harmonic to harmonic ratio threshold method in Voicesauce (Shue et al., 2009) . This method worked better in F 0 estimation than alternate methods which resulted in F 0 doubling or halving in the speech of certain speakers. As we were interested in the transition between syllables across words, a large number of F 0 samples (20) were extracted from each segment interval. These samples were given a value corresponding to the normalized time and recentered. The F 0 data was treated as a dependent factor in a linear mixed effects model with tonal context, speech rate, and time treated as independent factors. Speaker was treated as a random intercept, while random slopes were specified separately for both tonal context and speech rate. The inclusion of a random slope for time did not substantially improve the mixed effects model.
Results: Tonal Coarticulation
All speakers produced consistent differences in speech rate. The average ratio of normal:fast speech rate was 1:1.29 syllables/second. Tonal coarticulation on the the medial word following the final syllable of the initial word was examined first. Here, the tone of the initial word varied but the tone on the medial word was held constant. The effects of the tonal changes on F 0 were examined separately for the onset consonant and the vowel. There was a significant main effect of the preceding context tone /45/ on the F 0 trajectory for both the onset consonant (t[7140 = 2.1) and the following vowel (t[7140] = 3.7). The F 0 trajectory was raised throughout the intervening consonant after this tone. There was a significant main effect of rate on F 0 trajectory as well, though only for the onset consonant (t[7140] = 2.6). A significant rate x time interaction was observed for the onset consonant (t[7140] = 7.8) and for the vowel (t[7140] = 2.6). This pattern reflected an earlier timing for F 0 movement in anticipation for the following tone /4/ target when rate was increased. Note that F 0 trajectories begin to overlap at the end of the onset consonant during normal speech rate, but halfway through the onset consonant during fast speech rate. There was a strong interaction between context tone and rate observed as well on the vowel, most strongly after tone /45/ (t[7140] = 16.6) and tone /43/ (t[7140] = 8.7). These patterns reflected a general tendency for pitch range to expand during fast speech rate. This pitch range expansion asymmetrically affected higher tones. Finally, there were strong interactions between tonal context and time (t[7140] = 19.3). This interactions reflects differences in F 0 movement by tone. Observe, for instance, that after tone /3/, F 0 does not begin to shift to tone /4/ on the following consonant until half-way into the consonant. After tone /1/, F 0 changes almost immediately during the consonant duration. here varied by tonal context, but were either [B] or [l] . Tone was held constant on the following vowel (tone 4), which was either [i] or [e] here. There was a significant main effect of preceding tone on the F 0 of the onset consonant (t[4740] = 12.0). A significant effect on F 0 trajectory on the vowel was observed only after tone /45/ (t[4760] = 2.5). This tone conditioned F 0 raising on the consonant but a lower F 0 target on the following vowel during normal speech (dissimilation) at a normal speech rate. There was no significant main effect of rate on F 0 for either the onset consonant or the following vowel. There was a significant interaction between time and rate on the onset consonant (t[4740] = 2.7). Like the previous context, this reflected an earlier shift in F 0 on the consonant to the following tone /4/ target. There were significant interactions between tone and rate for both the onset consonant (t[4740] = 17.2) and the following vowel (t[4760] = 15.9). As in the previous context, these reflected a general tendency for pitch range to expand during fast speech rate. Finally, there were strong interactions between tonal context and time (t[4740] = 15.3). This interactions reflects differences in F 0 movement by tone. Observe, for instance, that after tones /4/ and /43/, F 0 does not begin to shift to tone /4/ on the following consonant until late into the consonant. After tones /45/ and /2/, F 0 changes early during the consonant duration.
Results: Modeling in TADA
The data in the previous section show a difference in F 0 trajectory on the intervening consonant as the preceding tone varies. This difference in F 0 trajectory can be modeled in several different ways in TADA. We examine three hypothetical models for this pattern here. For all models, the stiffness parameter for tone gestures was set at 16 Hz. Tone level targets were set at the average F 0 value for all Trique speakers' data. For tone /4/, the F 0 target was set at 210 Hz., for tone /3/ it was set at 195 Hz., for tone /2/ it was set at 170 Hz., and for tone /1/ it was set at 150 Hz.
In hypothesis A, we assume that for two adjacent tone gestures, the following gesture's activation begins right after the preceding gesture's offset. Differences in F 0 trajectories are accounted for by varying the boundaries between the tone gestures as a function of tonal context, i.e., adjacent tone height. The higher the tones are, the earlier their boundaries are. However, note that this requires slight changes in boundary location for each different tonal combination. Gestural boundaries would have to be specified not only in a tone-specific way, but individually for each tonal context. The strength of gestural models of speech production is in finding general patterns of alignment. So, this hypothesis is unnecessarily complex.
In hypothesis B, we assume that the two adjacent tone gestures in the V#CV contexts overlap with each other during the consonant. Unlike hypothesis A, the intergestural timing is held constant. What is varied instead is the blending parameter, a gestural parameter used to determine how influential a gesture is over the other(s) when multiple gestures are simultaneously active. TADA simulations show that given two overlapping gestures, modulating the blending parameters can shift the resultant trajectory's onset of the following gesture. For the following gesture, the stronger the blending parameter is, the earlier the trajectory begins. Although it might be less arbitrary than hypothesis A, it is still tricky to find a theoretical ground for the modulation of blending parameters as a function of tonal context. Essentially, blending parameters still have to be specified in a tone-specific way.
In hypothesis C, we assume that for two adjacent tones, apparent onset tone gesture differences can be accounted for by positing gestural absence or inactivity between tones. In the task dynamic model, when there is no active gesture at a given time, the current state is attracted to a predefined neutral position, which is equivalent to 'schwa' in English. We specified a mid level tone between tone levels /1/ and /5/ as a neutral/default tone, at 182.5 Hz. (halfway between tones /2/ and /3/). The stiffness parameter of the default tone was set to 8 Hz. Simulation results show that the default tone causes the resulting trajectory to start earlier when tone /4/ is preceded by /1/ than when it is preceded by /3/. This fits well with the observed data. Figure 3 shows the three hypotheses modeled in TADA for the contexts where tones /1/ and /3/ precede tone /4/ (as in Figure 1 ). The first row in Figure 3 shows differences in gestural boundaries as a function of tonal context (hypothesis A). The second row shows changes in the blending parameter for each tone and overlapping tonal gestures during the onset (hypothesis B). Even though the extent of tone gesture overlap is held constant, the blending parameter for tone /4/ following tone /1/ (on the left) is stronger than for tone /4/ following tone /3/ (on the right). The third row shows an identical gestural blending and boundaries, but an inactive tone gesture during the onset consonant (hypothesis C). For hypotheses A and B, the F 0 trajectories on the consonants are very similar. The trajectories differ here for hypothesis C. In the transition between tone /1/ and tone /4/, the F 0 trajectory on the consonant has two distinct slopes: a lower positive slope throughout the middle 60% of the consonant's duration and a greater positive slope over the final 20% of the consonant duration. Observe that in the data in Figure 1 , a similar F 0 trajectory is observed for tone /1/ under normal speech rate. Furthermore, in the consonant transition between tone /3/ and /4/ shown on the right three plots of Figure 3 , there is a pronounced decrease in F 0 prior to its increase for the following tone /4/ target. A similar dip in F 0 is observed in the experimental data shown in Figure 1 . In addition to accounting for differences in F 0 timing which vary as a function of tonal context, hypothesis C also accounts for the observed nonlinearities in how tone gestures interpolate. Hypotheses A and B predict only a smooth interpolation between tone gestures.
Discussion/Conclusions
While space here does not permit a full discussion of the various coarticulatory patterns observed in the Trique data, the results from the previous section show that specifying a default tone gesture not only accounts for apparent changes in tonal alignment in the observed data, but also accounts for the observed nonlinearities in F 0 trajectory. To our knowledge, all existing models of tone production have assumed fully specified F 0 targets throughout speech production. The specification of a neutral tone gesture is a novel approach here. This approach is promising as it suggests that apparent F 0 trajectory differences between tones do not result from specified tonal alignment differences, but from an underspecification of F 0 targets in speech production.
